The morphological evolution of a GaAs surface induced by a focused ion beam (FIB) has been investigated by in situ electron microscopy. Under off-normal bombardment without sample rotation, Ga droplets with sizes from 70 to 25 nm in diameter on the GaAs surface can self-assemble into a highly ordered hexagonal pattern instead of Ostwald ripening or coalescence. The mechanism relies on a balance between anisotropic loss of atoms on the surface of droplets due to sputtering and an anisotropic supply of atoms on the substrate surface due to preferential sputtering of As. The ratio of wavelength to the droplet diameter predicted by this model is in excellent agreement with experimental observations. DOI: 10.1103/PhysRevLett.100.076103 PACS numbers: 68.35.Bÿ, 61.80.Az, 79.20.Rf, 81.16.Rf With wide applications in sensors, optical devices, and magnetic storage media, self-assembled nanostructures have attracted great interest in recent years [1] [2] [3] [4] [5] [6] . Selfassembly is typically induced at temperatures below the melting point of particles, resulting in mechanically weak and often thermally and chemically unstable arrays [7, 8] . It is well-known that close to the melting point, Ostwald ripening or coalescence often leads to nonuniform particle sizes during particle growth. Here, we report that this normal physical behavior can be hindered under lowenergy ion bombardment, and highly ordered and uniform hexagonal patterns can be induced. The formation of ordered quantum dots by low-energy ion sputtering on a surface has been reported in several semiconductor systems. Under normal incidence or off-normal incidence with simultaneous rotation of the samples, Si [9], Ge [10], as well as a variety of III-V compounds (GaSb [11], InP [12], and InSb [13]) can form quantum dots on the surface. The mechanism involves the balance between roughening and smoothing actions, such as curvature dependent sputtering [14 -16], thermal diffusion [17], redeposition and ion induced diffusion [18] [19] [20] , and viscous flow [21, 22] . In these processes, the conelike dots come from ion etching of the substrate, thus having the same composition as the matrix and containing high density of defects [11] , and the degree of ordering is low. In this Letter, we show that, close to the melting point, the dynamic balance of mass loss and gain induced by low energetic ion bombardment can drive particles into highly ordered patterns.
With wide applications in sensors, optical devices, and magnetic storage media, self-assembled nanostructures have attracted great interest in recent years [1] [2] [3] [4] [5] [6] . Selfassembly is typically induced at temperatures below the melting point of particles, resulting in mechanically weak and often thermally and chemically unstable arrays [7, 8] . It is well-known that close to the melting point, Ostwald ripening or coalescence often leads to nonuniform particle sizes during particle growth. Here, we report that this normal physical behavior can be hindered under lowenergy ion bombardment, and highly ordered and uniform hexagonal patterns can be induced. The formation of ordered quantum dots by low-energy ion sputtering on a surface has been reported in several semiconductor systems. Under normal incidence or off-normal incidence with simultaneous rotation of the samples, Si [9] , Ge [10] , as well as a variety of III-V compounds (GaSb [11] , InP [12] , and InSb [13] ) can form quantum dots on the surface. The mechanism involves the balance between roughening and smoothing actions, such as curvature dependent sputtering [14 -16] , thermal diffusion [17] , redeposition and ion induced diffusion [18] [19] [20] , and viscous flow [21, 22] . In these processes, the conelike dots come from ion etching of the substrate, thus having the same composition as the matrix and containing high density of defects [11] , and the degree of ordering is low. In this Letter, we show that, close to the melting point, the dynamic balance of mass loss and gain induced by low energetic ion bombardment can drive particles into highly ordered patterns.
Commercially available wafers of GaAs single crystal with (100) orientation were used in our work. The ion bombardment experiments were carried out using a scanning electron microscope (SEM) equipped with a focused ion beam (FIB) instrument (FEI Nova 200 Nanolab, Ga ion) in a vacuum of 2 10 ÿ7 mbar at room temperature (close to the Ga melting point). The surface morphology was characterized by in situ SEM and ex situ transmission electron microscopy (TEM). Figure 1 shows the evolution of droplets on the GaAs surface subjected to 5 keV Ga at fluence of 4:5 10 17 cm ÿ2 (5 minutes) and various incident angles. At normal bombardment [Figs. 1(a) and 1(b)], droplets with diameter up to 350 nm are observed, with the droplet size following a Gaussian distribution. The mechanism of droplet formation can be attributed to the preferential sputtering of As and clustering of the remaining Ga on the surface from both substrate and ion implantation. The composition of droplets can be identified as pure Ga by energy dispersive x-ray spectrometry (EDS) analysis of the cross section sample using TEM [ Fig. 2(e) ]. In situ movie images [23] show these clusters at normal bombardment undergo random walk and encounter collisions accompanied by liquidlike coalescence. The movement of droplets is a result of the dynamic bias from the sputtering of droplets, absorption of atoms along periphery, or combination of droplets.
At off-normal bombardment [Figs. 1(c)-1(h)], however, the droplets become uniform and nearly immobile, exhibiting a tendency to form regular sixfold patterns with increasing incident angle. Starting from the appearance of small domain of ordered droplets at low incident angle, the chain of droplets with fairly constant separation is obtained at incident angle larger than 30 . The chains of droplets which are always perpendicular to the projected ion beam direction shows that ordering is independent of the orientation of the substrate. We observe through in situ movies [23] that Brownian motion at normal bombardment is replaced by slightly directional walk at off-normal bombardment: a movement towards the projected ion beam direction in a zigzag manner.
The temporal evolution of the highly ordered dot is investigated at fixed incident angle, energy and flux ( The mechanism underlying the pattern formation can be understood on the basis of sputtering and mass transportation. First, we should explain why the uniform droplets can be produced at off-normal bombardment. We know that the size of droplets is determined by the competition between the loss of atoms from the droplet induced by sputtering and gain of atoms supplied by the substrate. At off-normal bombardment, we can assume each droplet is surrounded by a local capture area or denuded zone in which all the Ga atoms generated in this zone is collected by surrounded droplet. For simplicity, the denuded zone is assumed to be a circle with radius of . If we further assume that accommodation coefficients are unity, at steady state, we have two balances: in the denuded zone, the loss of atoms to the droplets is compensated by the production within this area; for the droplet, all the atoms generated in the denuded zone are equal to the number of sputtered atoms from the 
where R is the droplet radius, A is a positive parameter, R is critical radius without sputtering, and B is a sputtering dependent parameter. This equation is determined by the solution of the diffusion equation in polar coordinations with a source term representing production of the Ga atoms within the capture volume. If B 0, Eq. (1) reduces to a standard kinetic equation describing the process of Owstwald ripening driven by capillary induced diffusion with the mass conservation [24] . If we consider the sputtering on the droplet, we find B < 0. The growth rate starts to change from positive to negative when the radius reaches a certain value. This means that the radius can reach a steady state, leading to the uniform droplets. This mechanism is the key issue for the ordered pattern formation.
Another balance, where all the production of Ga atoms in the capture surface are absorbed by the droplet and these absorbed Ga atoms are equal to the sputtered Ga atoms on the surface of droplet, can demonstrate the relationship between droplet and its denuded zone. For off-normal bombardment with incident angle , by considering shadow effects, we have equation
where Y Ga ÿ 1=2=Y Ga 2, Y Ga is the sputtering yield of pure Ga bombarded by Ga ions, is the fraction of implanted Ga ions staying on the substrate surface. Taking Y Ga 5 [25] , 0:1 [26] , we get =R 2:15-2:4 for incident angle 30 -65 . This result is in excellent agreement with the experimental observations as shown in Fig. 3 . Inside exclusion area, the length is characterized by the half mean diffusion distance D p , where D is ionenhanced diffusion coefficient, is the average life time of atoms. The normalized flux f=D ÿ is used to describe the scaling property of mean diffusion length, where f is flux of deposition. The value of is 1-1=6, depending on the ratio of f=D [27] . If we consider the production of Ga atoms on the surface induced by the ion beam as deposition process, the decrease of droplet radius with the incident angle can be ascribed to the flux increasing with incidence.
Motivated by the convection induced self-assembly of colloidal particles [28] and one dimensional interstitial diffusion induced void lattice inside metals by high energy ion bombardment [29, 30] , we propose a model for selfassembly based on directional mass loss and gain. It is known that for low-energy etching, the average energy distribution approximately satisfies the Gaussian distribution [15] . At normal bombardment, the energy deposited on the surface is isotropy for sputtering. Thus, there is no preferential migration direction for Ga atoms on the surface of GaAs induced by the ion beam, giving rise to the random walking of droplets. At off-normal bombardment, however, the deposited energy on the surface is anisotropic: it has a symmetry axis perpendicular to the projected ion beam direction, but along the projected beam direction, there exists a net force acting on the Ga atoms in a manner analogous to the wind on the surface of water [ Fig. 4(a) ]. This driving force tends to push the Ga atoms moving along the projected ion beam direction. On the other hand, the loss of atoms by sputtering on the surface of droplet is also directional: on the part of droplets which face the ion beam direction. In addition, because of shadowing and exclusion zone effects, only migrating atoms generated between the droplets can have much higher flux to reach the droplets in an adjacent chain. Therefore, the supply of atoms can drive the droplets to adjust their position to the site which can obtain the largest source as shown in Fig. 4(b) . The center of mass driven by the competition of supply and loss of Ga atoms can move towards the projected ion beam direction in a zigzag manner as we observed in in situ electron microscopy. For a long time bombardment, when the droplets finish adjusting their position, the hexagonal pattern can be formed by the interaction of sputtering and anisotropy mass transport. High density of droplets, uniform size and mobility which are prerequisites for the formation of patterns, are successfully fulfilled by the ion beam [31] .
The ripple formation and ripple-nanodot transition can be explained by Bradley-Harper model or extended models [14, 16, 18] . These models are based on instability of surface and only apply to the patterns which are of the substrate material. In our case, the dots which are liquid and separated from the substrate have a different composition with substrate. Under off-normal bombardment without rotation of sample, no Ga ripple was observed, which is contrary to the predictions of Bradley-Harper model. Our model is based on high density of dots on the surface. It can apply to patterns whose density is high enough that small adjustment can lead to the hexagonal pattern formation, similar to void lattice formation and highly ordered colloidal particle formation.
In conclusion, we have characterized the formation of a highly ordered, hexagonal pattern of Ga nanodroplets on the surface of single crystal GaAs induced by off-normal FIB without sample rotation. We proposed, at the melting point, the dynamic balance of directional mass loss and gain can drive droplets into highly ordered patterns. The sputtering induced droplet patterns presented here have potential applications in investigating fundamental physical phenomena, such as sputtering effect on the deposition, diffusion and aggregation model. For normal bombardment, the deposited energy on the surface is circular, while for off-normal bombardment, it is elliptical where the energy contour along the projected beam direction is longer than other directions. The dashed curves represent the equal energy contours. (b) Atom supply and movement directions that cause an off-center particle to move to the center of nanoparticle lattice. Small arrows represent the direction and magnitude of local Ga atom migration induced by the ion beam on the substrate surface, radial dark shaded circle denotes the droplet, the light circle with radius is the exclusive zone for Ga, arrows inside droplet indicate the movement direction of droplets, and dashed circle shows the final position of partially aligned droplets.
